Polymerase chain reaction techniques were used to identify simian immunodeficiency virus (SIV) SIVsmm gag sequences in genomic DNA isolated from peripheral blood mononuclear cells from naturally infected asymptomatic seropositive and seronegative sooty mangabeys (Cercocebus atys) and from experimentally infected but asymptomatic rhesus macaques (Macaca mulatta). The results indicate that most if not all SIVseronegative mangabeys from the colony at the Yerkes Primate Center are in fact infected with SIVsmm despite their lack of humoral immune response, confirming previous immunological and virological observations made by our laboratory. Sequence analysis of these particular gag fragments from the mangabey revealed an average of 88% nucleotide sequence homology but 97% amino acid identity with the previously published sequence of the SIVsmmH4 clone. The significance of this finding relative to the asymptomatic state of SIV-infected mangabeys and disease-susceptible SIV-infected rhesus macaques is discussed.
Various nonhuman primates have been proven useful for the study of human AIDS (4, 5, 17) . Among these models, sooty mangabey (Cercocebus atys) monkeys are naturally infected with the simian immunodeficiency lentivirus (SIV) SIVsmm, which is closely related to human immunodeficiency virus type 2 (HIV-2) and HIV-1, although no retrovirus-induced clinical symptoms have so far been observed in these monkeys (10) . Inoculation of rhesus macaques (Macaca mulatta) or pigtailed macaques (M. nemestrina) with SIVsmm leads to an immunodeficiency syndrome characterized by weight loss, diarrhea, opportunistic infections, loss of CD4-bearing T cells, and finally death (17) . Approximately 80% of the mangabeys in the colony housed at the Yerkes Regional Primate Research Center (Emory University, Atlanta, Ga.) show SIV-specific serum antibodies by enzyme-linked immunosorbent assay (ELISA) and Western immunoblot analysis. Most seronegative animals are young (under 2 years of age), and seroconversion seems to coincide with sexual maturity, suggesting that sexual transmission is the predominant route of transmission. Three sets of findings made in our laboratory, however, have cast serious doubts about the reliability of serology alone for the detection of SIV infection. (i) It was demonstrated that circulating B cells of these seronegative subjects are capable of secreting SIVsmm-specific antibodies in vitro when polyclonally stimulated with pokeweed mitogen (PWM) (23) 
(ii) Circulating CD8+ T cells of seronegative mangabeys markedly inhibit the replication of SIVsmm in autologous cells cultured in vitro (19) . This property was previously shown to be present in CD8+ cells from HIV-1-infected humans (21) and SIVmac-infected rhesus macaques (15) unfractionated peripheral blood mononuclear cells (PBMCs) from seronegative mangabeys with CD4+ cell lines failed to yield viral replication in vitro, selective depletion of CD8+ T cells before coculture resulted in detectible amounts of SIV-specific reverse transcriptase activity in the cell-free supernatant fluids (19) .
To ascertain the status of infection of these seronegative monkeys, we utilized the highly sensitive and specific polymerase chain reaction (PCR) technique with amplimers and probes based on previously published sequences of the SIV gag region (3, 8, 9, 11, 12) . The results confirmed our previous observations and hypothesis that, indeed, SIVseronegative mangabeys are immunized and infected; in addition, data derived by PCR suggest that the predominant SIV isolates in naturally infected and asymptomatic mangabeys are certainly genetically distinct from the SIVsmm isolated by in vitro culture.
MATERIALS AND METHODS Animals. The rhesus macaques and sooty mangabey monkeys used in this study were Western blot. Purified SIVsmm was separated on a 10% polyacrylamide minigel (Bio-Rad, Richmond, Calif.) before being electrically transferred to nitrocellulose (Schleicher & Schuell, Keene, N.H.). After blocking with 10% normal goat serum in phosphate-buffered saline, individual strips of the blot were incubated for 2 h with 1/40 dilutions of the sera to be tested, washed, and incubated with biotinylated goat anti-human immunoglobulin G (Fisher) and then avidin peroxidase conjugate (Bio-Rad); the color was developed with 4-chloro-1-naphtol (Bio-Rad).
PWM assay. In vitro stimulation of PBMCs with PWM was performed as previously described (23) . In brief, PBMCs (2 x 106/ml) were cultured in 2 ml of medium for 5 to 7 days with a previously determined optimal concentration of PWM (GIBCO). The (6) . Figure 1 represents the optimal alignment of SIVsmmH4 (12), SIVmac251 (8), SIVmacl42 (3), HIV-2rod (11) , and SIVagmTYO (9) corresponding to the gag region, nucleotides 1568 and 2108 of SIVsmmH4. This alignment allowed for an optimal choice of primers and probes in relation to their degree of conservation among these related lentiviruses, which are thought to have evolved from a common ancestor (12) . mangabeys remain seronegative for prolonged periods of time (up to 12 years), it became necessary to confirm their status of infection by a highly specific and sensitive detection method for SIV. We deliberately chose to amplify a fragment in the gag region to combine specificity with a high degree of conservation (12) . Based on the published sequence of SIVsmmH4 (12), we first chose a set of primers (SIVgagF and SIVgagR) and a probe (SIVgagP) specific for SIVsmm (Table 1 and Fig. 1 ) as opposed to the closely related SIVmac251 (8) . This primer pair clearly amplified the expected 254-bp fragment from the DNA of PBMCs obtained from experimentally infected rhesus macaques. This amplified product hybridized with the SIVgagP probe (Fig. 2) , whereas DNA samples from uninfected macaques remained negative. Of interest was our observation that DNA samples from PBMCs of 36 seronegative and seropositive mangabeys tested to date failed to provide positive results (Table 2 ; data not shown). Consequently we designed a new set of primers (Table 1) aimed at the most conserved regions of the gag gene by using the alignment presented in Fig. 1 . Table 2 and Fig. 3A illustrate the results obtained by PCR amplification with the 2U9G5 and 2U9G3 amplimers and hybridization with SIVgagF. DNA samples from four of four seropositive mangabeys and four of four seronegative mangabeys showed a PCR-amplified product whose identity was confirmed by hybridization. DNA samples from PBMCs of uninfected rhesus macaques (Fig. 3A) and STLV-1-infected rhesus cells (data not shown) remained negative upon repeated testing with the primer pair and probe. DNA prepared from CD4+ cell lines infected in vitro with SIVsmm (Fig. 3A, lane 1 Nested PCR. Since the fragment amplified with the primers 2U9G5 and 2U9G3 includes the fragment amplified with the SIVgagF and SIVgagR amplimers, we reamplified the product of the consensus amplification with the internal SIVsmmH4-specific primer pair by using a nested PCR technique. A strong band could be detected with ethidium bromide staining at the expected molecular weight for both mangabeys and infected rhesus DNA (data not shown). Only the the DNA from PBMCs of rhesus macaques, however, bound the SIVsmm-specific probe SIVgagP to a significant level (Fig. 3B) . DNA samples from PBMCs of mangabeys, although clearly positive after the consensus amplification when hybridized with a consensus probe (Fig. 3A) , bound the SIVgagP only weakly (Fig. 3B) .
This finding has been further confirmed by assaying the consensus amplification of DNA samples of two seropositive and one seronegative mangabeys and one experimentally infected rhesus macaque with three different probes covering three different areas of the amplified fragment (Fig. 4) . Whereas the SIVgagF and SIVgagR probes (conserved sequences) readily hybridized to the fragment amplified from both rhesus macaque and mangabey DNA samples, the SIVsmmH4-specific SIVgagP probe only hybridized to the fragment amplified from the rhesus macaque DNA sample. Amplified DNA samples from sooty mangabeys, whether seropositive or not, consistently failed to hybridize to the SIVgagP probe.
As alluded to above, these are representative data; analyses of additional samples from each set of monkeys have so far given identical results. These data demonstrate two basic results. First, seronegative mangabeys are in fact infected with SIVsmm. Second, although the highly specific SIVsmm primer pair and probe were able to amplify and detect SIV sequences present in rhesus macaques experimentally infected with an SIV isolated by in vitro cocultivation techniques from PBMCs of sooty mangabeys, the same oligonucleotide set failed to detect sequences of SIV present in sooty mangabeys. It was reasoned that this was most likely due to differences in this specific gag region of the SIV present in sooty mangabeys in vivo and that cocultivation of mangabey PBMCs with human PHA-P blasts (which was the source of the SIV used to infect the rhesus macaques) resulted in the selection of a variant.
To verify this hypothesis, we amplified DNA extracted from mangabey PBMCs before and after in vitro culture in media containing PHA-P. The results of DNA samples from stimulated and control PBMCs from two mangabeys are shown in Fig. 5 ity between seropositive and seronegative but infected mangabeys and also between mangabeys and macaques (1, 20) . Sequence analyses (Fig. 6) show a sequence homology of over 97% between the gag fragments amplified from the SIVsmm present in mangabeys and only 88% sequence homology with the same fragment in the SIVsmmH4. The latter, however, is comparable to the overall homology observed for the whole gag region for various SIV and HIV-2 isolates (12). The binding site for SIVgagP shows a 9-to 10-base change for a total nucleotide length of 28 bases, which supports the observed lack of hybridization of this probe with DNA samples from PBMCs of the mangabeys. At the amino acid level, however, only 3% or less of the residues vary. For the gag residues 224 (all clones), 227 (SIVsmmfal), 271 (SIVsmmfa2), 302 (FMhl), and 342 (FMhlO), a notable decrease in hydrophilicity and antigenicity profiles (as predicted by the Kyte-Doolittle and the Jameson-Wolf algorithms, respectively) was found as compared with the SIVsmmH4 gag amino acid sequence. A premature stop codon was found at amino acid position 261 for the clone FMh4.
DISCUSSION
PCR as a detection tool for occult SIV infection. The broad reactivity of the consensus primer pair and probe underscores the value of PCR as a highly sensitive diagnostic tool for screening nonhuman primates before their introduction to a colony or their involvement in studies with infectious agents.
As shown in humans, the absence of serum antibodies to HIV-1 does not warrant the absence of viral infection, particularly in individuals at high risk (14, 16, 22, 24) . A colony of nonhuman primates in a primate center has certainly to be considered at high risk for SIV infection, due to the close contact between animals inside a colony or even between various colonies. This is highlighted by the discovery of new lentivirus infections in several additional nonhuman primate species (unpublished data), often in the absence of clinical symptoms and eventually in the absence of humoral response. Such an example is illustrated by the result shown in Fig. 3A (lane h) line gave positive PCR reactions despite the unknown origin of the SIV in this monkey species (unpublished data).
In addition, DNA samples from PBMC of a vast majority of neonatal (<6 months old) seronegative mangabeys were recently tested and were found positive with these oligonucleotides (unpublished data). Two major alternatives might explain these findings: either SIV is endogenous in mangabey monkeys at the Yerkes Primate Center, or the primary route of virus transmission is vertical rather than through sexual contact as previously shown with serological data. In the event of the first hypothesis, the genomic DNA of all mangabey cells should encompass at least one copy of the SIV genome. PCR amplifications of DNA from one EpsteinBarr virus-transformed and cloned (seropositive) mangabey B-cell line and from a herpesvirus-immortalized mangabey CD8+ cell line were repetitively negative (data not shown). In addition, the sensitivity of the PCR assay with the 2U9G5 and 2U9G3 primer pair was analyzed. Cell lines infected in vitro with SIV or HIV-2 and PBMC from sooty mangabeys were subjected to limiting dilution analysis with uninfected H9 cells to provide equal number of cells for each sample before the extraction of DNA. In addition, various concentrations of purified plasmid DNA containing the SstI insert of SIVsmm (8.3-kb insert) was utilized. As little as 2 x 10-3 pg of the plasmid DNA gave a positive signal. Two to three cells from the SIV-or HIV-2-infected cell lines, when added to 2.5 x 105 uninfected H9 cells, resulted in DNA that provided a positive signal (data not shown), whereas at least as many as 2.5 x 104 PBMCs from naturally infected (seropositive) mangabeys were required to yield such a positive signal.
These results strongly argue against the possibility of SIV being endogenous in mangabey monkeys and therefore suggest that the primary mode of transmission of SIV in the naturally infected sooty mangabey colony is vertical rather than sexual. These findings dictate a reevaluation of the data previously obtained with serological techniques.
The detection of SIV sequences in the PBMCs of these seronegative mangabeys not only confirms our previous findings with the PWM assay (23) Significance of seronegative, PCR-positive status. One major issue concerning these SIV-and HIV-1-seronegative asymptomatic but infected individuals (14, 15, 22, 23) is to determine whether the harbored virus and/or provirus can be transmitted to naive recipients; if so, will the recipient seroconvert and gradually develop clinical symptoms and disease? For obvious reasons, such an approach cannot be assayed in humans. Experiments were performed in which unfractionated blood from seronegative but PCR-positive sooty mangabey monkeys was transfused to two naive pigtail macaques. In addition, PBMCs from two SIV-seronegative, PCR-positive mangabeys were depleted of CD8+ cells and then cocultured with human PHA-P blasts, and samples of the putative in vitro replicating virus (both cells and supernatant fluids) from each animal were injected into two naive pigtailed macaques. Indeed, such transfusion appears to result in transmission of infection (unpublished data).
Sequence differences between SIVsmm in mangabeys and in macaques. One striking, if not completely unexpected, result of this study is the differences detected in the SIV sequences in the DNA from PBMCs of mangabeys and rhesus macaques experimentally infected with SIVsmm-9. This is particularly true for the results obtained with probe SIVgagP (Fig. 4) . We have further found that mangabey PBMCs cultured and/or cocultured with CD4+ cell lines did react with this particular probe (Fig. 5) after various periods of time in culture. This suggests that the in vitro culture conditions strongly select for SIV isolates that are present at almost undetectable levels in the PBMCs of the mangabeys. The short period of time in in vitro culture argues against the possibility that the difference in the gag sequence is secondary to random mutations. This is further supported by the data obtained with the nested PCR, in which a modest reaction with SIVgagP was observed after a second round of amplification (Fig. 3B) . It is important to note that we were unable to isolate a clone bearing the SIVsmmH4-like sequence from the mangabey PBMCs for the sequencing studies (Fig. 6) . Similar results have been reported for the env region of SIVsmm upon in vitro passage in human CD4+ cell lines (13) .
In rhesus macaques, however, this in vitro-selected isolate remains predominant (Fig. 2) , which leads to the following question: is this due to the passage of SIVsmm in in vitro cell culture before inoculation in the animal, or does the macaque immune system exert a selective pressure on SIVsmm similar to the one observed in vitro? The results of the above-mentioned direct blood transfusion from seronegative but PCR positive mangabeys to macaques supports the concept that the in vitro culture system appears to select for a variant present in a very low frequency in genomic DNA of sooty mangabey PBMCs.
Depending on a possible clinical correlation with the emergence of certain SIVsmm isolates, we hope to address the disease resistance of sooty mangabeys compared with the disease-susceptible state of macaques. It is our objective to synthesize peptides based on the variable residues determined by sequencing and then to test them for reactivity against serum antibodies and to identify T-cell epitopes (1, 20) . Further detailed sequence analysis of the complete gag and env genes of the naturally occuring SIVsmm from both seronegative and seropositive sooty mangabeys is currently in progress. Results from such studies may shed light on the impact of viral sequence variation on subsequent immune responses and the consequences of such immune responses in the development of disease resistance in mangabeys and susceptibility in macaques.
